Inflation is known to produce both gravitational waves and seed magnetic fields on scales well beyond the size of the horizon. The general relativistic interaction between these two sources at the end of inflation and its effect on the strength of the original field were considered in [1] . Those results showed a significant amplification of the initial magnetic seed, which brought the latter within the currently accepted dynamo limits. In the present article we revisit this gravito-magnetic interaction and argue that the observed strong growth of the field is the result of resonance. More specifically, we show that the maximum magnetic bost always occurs when the wavelength of the inducing gravitational radiation and the scale of the original seed field coincide. We also look closer at the physics of the proposed Maxwell-Weyl coupling, consider the implications of finite electrical conductivity for the efficiency of the amplification mechanism and clarify further the mathematics of the analysis. PACS number(s): 98.80. Hw, 98.80.Cq 
Introduction
Observations have repeatedly verified the widespread presence of magnetic fields in the universe [2] . Large-scale fields have been found in galaxies, galaxy clusters, superclusters and also in high-redshift radio galaxies. The typical magnetic strengths vary between a few and several µG, while the associated coherence lengths are comparable to those of the virialised hosts. Despite their ubiquitous presence, however, the origin of these fields is still a matter of open debate [3] . Over the years many scenarios of cosmic magnetogenesis have appeared in the literature. These range from eddies, density fluctuations and reionisation effects in the post-recombination plasma to cosmological phase-transitions, inflationary and superstring/M-theory inspired scenarios [4] . Historically, the study of magnetic generation has been motivated by the need to explain the origin of the large-scale galactic fields. The structure of these fields, particularly those seen in spiral galaxies, supports the galactic dynamo idea [5] . Although the efficiency of the mechanism has been critisised, it is generally believed that galactic dynamos can substantially amplify preexisting weak magnetic seeds. The origin of the seed fields, however, is still elusive. When the dynamo amplification is efficient, the initial field can be as low as ∼ 10 −23 G at the time of completed galaxy formation [6] . This limit is relaxed to ∼ 10 −30 G in universes dominated by dark energy [7] . In resembles the magnetic amplification via parametric resonance proposed in [14, 15] . Finally, given that the universe has been a good conductor for most of its lifetime, we examine the role of finite conductivity and establish the threshold at which the electrical resistivity of the medium becomes unimportant.
We begin our discussion in section 2 with the necessary mathematical background. The linear gravitomagnetic interaction and the features of the gravitationally induced magnetic field are given in section 3. The next section shows how the Maxwell-Weyl coupling acts as an effective magnetic dynamo in cosmological environments of low electrical conductivity. Given that the boost depends on the gravitationally induced shear, we calculate the shear distortion caused by inflationary gravity waves in section 5. The gravito-magnetic resonance is shown in section 6, where we also provide an expression for the resonant growth factor. Section 7 applies the proposed amplification mechanism to several inflation produced magnetic seeds. Finally, we discuss the role of finite electrical conductivity and summarise with our conclusions in sections 8 and 9 respectively.
Preliminaries
Our starting point is a spatially flat FRW universe containing a barotropic perfect fluid of energy density ρ and isotropic pressure p = p(ρ). Assuming that g ab is the spacetime metric, we introduce a family of timelike fundamental observers moving with 4-velocity u a (where u a u a = −1). Then, the tensor h ab = g ab + u a u b projects orthogonal to u a into the observer's 3-dimensional local rest space. This procedure introduces a local 1 + 3 'threading' of the spacetime into time and space (see [16] for extensive reviews). The fundamental observers also experience a weak magnetic field defined by B a = ǫ abc F bc /2, where F ab is the electromagnetic tensor. The scalar B 2 = B a B a measures the field's energy density and isotropic pressure, while the symmetric and trace-free tensor Π ab = (B 2 /3)h ab − B a B b describes the anisotropic magnetic pressure (for further details the reader is referred to [17, 18] ). The weakness of the field implies that its energy density and anisotropic stresses have negligible contribution to the background dynamics. In other words, B 2 ≪ ρ and Π ab ≃ 0 to zero order. At this limit the unperturbed model is described by κρ −
where Θ = 3ȧ/a = 3H is the expansion scalar (H is the Hubble parameter) and w = p/ρ is the barotropic index of the fluid. Note that Eqs. (1)- (4) are the Friedman equation, Raychaudhuri's formula, the equation of continuity and the magnetic induction equation respectively. Also, throughout this paper we use natural units with c = 1 =h and G −1/2 = m P l ≃ 10 19 GeV. We perturb the aforementioned background by allowing for the propagation of weak gravitational waves. These are covariantly monitored via the electric (E ab ) and the magnetic (H ab ) Weyl components, which describe the long-range gravitational field. In the magnetic presence, one isolates the linear puretensor perturbations by imposing the conditions [19] 
in addition to the standard constraints associated with perfect-fluid cosmologies. 1 The latter are
with ω a representing the fluid vorticity vector (e.g. see [20] ). To first order, constraints (5) and (6) guarantee that all traceless second-rank tensors are also transverse and therefore isolate the linear puretensor (i.e. transverse and traceless) modes [19] .
Gravito-magnetic interaction
The linear coupling between a weak background magnetic field and propagating gravitational radiation in a perturbed spatially flat FRW universe was originally studied in [1] . In this section we look closer into the physics of the gravito-magnetic interaction and clarify further the mathematics.
Linear wave equations
When linearising around the weakly magnetised background of section 2, the only quantities of zero perturbative order are the fluid density and pressure, the volume expansion and the magnetic field. The rest of the variables are treated as first order perturbations. Thus, to first order, the magnetic field evolution in the presence of gravity wave perturbations is governed by the system 2
where J a is the spatial current and σ ab is the gravitationally induced component of the shear tensor [1] . Note thatB a is the original background magnetic field, and B a is the field induced by the coupling betweeñ B a and gravity wave distortions. Hence, to first order, only the background magnetic field contributes to the right-hand side of Eq. (7). Note that the latter takes a trivial form at zero perturbative order, since the shear the electric current and the induced field vanish in the background. At this stage, we will ignore the current term in the right-hand side of (7) . Strictly speaking, this confines our analysis to a medium of zero electrical conductivity or to an electrically neutral one. 3 Nevertheless, we will later show that the zero-conductivity results also hold in environments of finite but relatively low electrical conductivity (see section 8). We also note that we have ignored the magnetic contribution to the right-hand side of Eq. (8), since the linear evolution of the shear is effectively immune to magnetic effects. Indeed, one can show that in perturbed FRW models the magnetic presence does not affect the dominant linear mode of the gravitationally induced shear [19] . Finally, we point out that gravity-wave perturbations are the driving force behind the magnetic adulation described by Eq. (7). In particular, one can explicitly show that the Weyl field alone triggers fluctuations in an otherwise homogeneous magnetic field distribution (see [17] ). 1 The projected gradient Da = ha b ∇ b is the covariant derivative operator orthogonal to ua. Also, curlBa = ε abc D b B c by definition, where ε abc is the orthogonally projected permutation tensor (i.e. ε abc u a = 0). 2 The most straightforward derivation of Eq. (7) is by linearising the nonlinear magnetic wave equation given in [18] (see Eq. (40) there). On the other hand, one can obtain Eq. (8) directly from expression (3.11) in [20] .
3 From the mathematical point of view, the gravito-magnetic interaction is independent of the electrical resistivity of the fluid provided that curlJa = 0. Physically, however, the assumption of a curl-free current field appears rather arbitrary and therefore we will not pursue this argument any further here.
Following Eq. (4), the background magnetic field evolves asB a =B 0 a (a 0 /a) 2 , whereḂ 0 a = 0 and the zero suffix corresponds to a given initial time. We proceed by splitting the zero-order field as [21] . In doing so we assume that D aQ (n)
b , which guarantee that neither a scalar nor a tensor can be constructed formQ
a . Note that the last constraint helps to assign a finite physical scale (i.e. λB = a/n) to the background magnetic field and does not mean that the latter is treated as a propagating wave. We also decompose the gravitationally induced shear by means of standard tensor harmonics as
a , the system (7), (8) reduces into the following set of ordinary differential equations 4
where the zero suffix indicates the onset of the gravito-magnetic interaction [1] . Also, ℓ = (k 2 + n 2 + 2kn cos ϕ) 1/2 is the comoving wavenumber of the gravitationally induced magnetic field and ϕ ∈ [0, π/2) is the angle between the two interacting sources. Next we define the expansion normalized, dimensionless auxiliary variables
Then, employing the conformal time variable η (withη = a −1 ) and using primes to indicate differentiation with respect to η, we recast (9) and (10) as
and
respectively [1] . For details on the derivation of the above formulae, which is lengthy but straightforward to follow, the reader is referred to the Appendix.
Scale of the induced magnetic field
The comoving wavenumber ℓ = (k 2 + n 2 + kn cos ϕ) 1/2 measures the scale of the induced magnetic field. This depends on the coherence length of the background field, on the wavelength of the inducing gravitational radiation and also on the interaction angle between these two sources. To be precise,
a satisfy all the standard vector-harmonic requirements. To be precise, given the properties ofQ
ab , it is rather straightforward to show thatQ
a (see also [21] ).
since n takes finite values only. Let us assume that k and therefore ℓ are also finite. This ensures that the associated physical wavelengths, namely λB = a/n, λ GW = a/k and λ B = a/ℓ), are well defined and finite. Then, Eq. (13) provides the following expression
for the coherence scale of the induced magnetic field. Given that 0 ≤ ϕ < π/2, the above means that λ B ≤ λB always. In particular, λ B ∼ λB when λB ∼ λ GW and λB ≪ λ GW , while λ B ≪ λB for λ GW ≪ λB.
Gravito-magnetic dynamo
So far we have ignored the current contribution to the magnetic wave equation (see (7)), which has confined our analysis to cosmological environments of relatively poor electrical conductivity. In the lifetime of the post-inflationary universe the only period of low conductivity is that of early reheating, when the effective equation of state corresponds to a pressureless fluid. For p = 0 we have w = 0, a = H 2 0 a 3 0 η 2 /4 and a ′ /a = 2/η. Then, expressions (11) and (12) simplify to
respectively (with α 1 = κ 1/2B (n) 0 /a 0 H 2 0 ). For our purposes the scales of interest are far beyond the size of the observer's horizon, which is given by λ H = 1/H. Superhorizon-sized gravity waves have λ GW ≫ λ H and therefore correspond to kη ≪ 1. At this limit the dominant mode in the solution of Eq. (16) is
with η 2 0 = 4/a 2 0 H 2 0 . Substituting this large-scale result into (15) we obtain
where
The above describes a forced oscillation with a damping term due to the expansion. The force depends on the strength of the background magnetic field and on the gravitationally induced shear anisotropy at the beginning of the gravito-magnetic interaction. When ℓ = 0 the solution of Eq. (18) reads
On super-Hubble scales (i.e. for ℓη ≪ 1) we have cos(ℓη) + sin(ℓη) ≃ 1 + ℓη ≃ 1 and therefore expression (19) reduces to
at long wavelengths. The latter determines the linear evolution of the gravitationally induced mode B (ℓ) .
Recalling that B (ℓ) = κ 1/2 B (ℓ) /Θ and using the relations η 2 = 4a/H 2 0 a 3 0 and Θ = 24/H 2 0 a 3 0 η 3 of the w = 0 era, Eq. (20) gives
where λ B is the scale of the induced magnetic field. The above is the magnitude of B (ℓ) , the magnetic mode triggered by the interaction of the background field with gravity wave perturbations during early reheating. Since B a vanishes in the background (see section 3), we may set B
0 (a 0 /a) 2 . Accordingly, the gravitationally induced magnetic field also obeys the 'adiabatic' a −2 -law. Following (22), however, the gravito-magnetic interaction can lead to a substantial amplification of the B-field when 9Σ
For inflation produced, superhorizon-sized magnetic fields this is a realistic possibility. In other words, the Maxwell-Weyl coupling discussed here can act as an effective dynamo during the early stages of reheating.
It should be noted that the above results also apply to the post-recombination universe, provided that the plasma effects are negligible (e.g. when curlJ a = 0). In that case the radiation era solution of (11), (12) is almost identical to Eq. (22) (see Eq. (25) in [1] ).
Gravitationally induced shear
A common feature in almost all inflationary models is the production of gravitational radiation with wavelengths extending over a wide range of scales. In fact, a relic gravity-wave spectrum is perhaps the only direct signature of inflation that may still be observable today. The energy density of a linearised gravity wave mode is (e.g. see [22] )
where k * is the physical wavenumber of the mode and and ∆h +,× is the mean fluctuation of the associated metric perturbation h +,× . For gravitational radiation produced during a period of de Sitter expansion we have ∆h +,× = (2/π 1/2 )(H/m P l ), where m P l is the Planck mass [22] . Substituting this result into Eq. (23) we obtain
The above provides the energy density stored in a gravity-wave mode of inflationary origin on scales characterised by the physical wavenumber (k * ) of the mode. Clearly, ρ GW → 0 as k * → 0.
5 In [1] all the solutions were obtained under the assumption that λGW ∼ λB. This ensured that λB ∼ λGW ∼ λB (with all three wavelengths finite -see Eq. (13)) and allowed us to replace λB with λB in the final expressions (e.g. see Eq. (21) in [1] ). As we will show in section 6, this special case corresponds to the maximum (resonant) magnetic amplification. Also, the initial conditions of [1] assumed B To proceed further we note that the energy density of gravitational wave perturbations is related to the magnitude of the transverse and trace-free part of the shear tensor by κρ GW = σ 2 [19] . On using this, expression (24) takes the form
where Σ = σ/Θ and λ GW = 1/k * . The above measures the shear anisotropy due to gravitational radiation of inflationary origin. As expected, the anisotropy depends on the parameters of the underlying model of inflation (i.e. on the value of H/m P l ) and it is inversely proportional to the scale of the wave mode.
6 Gravito-magnetic resonance
Hyperhorizon-sized magnetic fields emerge naturally by the end of inflation, when subhorizon quantum fluctuations in the Maxwell field are stretched outside the Hubble radius and then freeze-in as classical electromagnetic waves. At that time the universe is also permeated by large-scale gravitational waves; the inevitable prediction of almost all inflationary scenarios. Following Eq. (22), the effect of the linear interaction between these two sources depends on the gravitationally induced shear anisotropy. For inflation produced gravitons the latter is inversely proportional to their wavelength (see (25) ). Thus, combining relations (22) and (25) we obtain
Note that the zero suffix marks the beginning of the gravito-magnetic interaction, which here is the end of inflation. According to expression (26), we have a substantial amplification of the geometrically induced B-field if
where A may be seen as the amplification factor. Given that the ratio (H/m P l ) 0 is fixed by the adopted model of inflation, the effect of the Maxwell-Weyl coupling depends on the initial relation between λ B , λ GW and λ H . In particular, since we are confined to superhorizon scales, the magnitude of the amplification factor depends primarily on λ B and λ GW . These are related to each other and also to the scale of the background field by Eq. (14), which transforms expression (27) into
with χ = (λB/λ GW ) 0 by definition. The latter varies between 0 < χ < ∞ and determines the scale-ratio of the two interacting sources. The parameter α determines the coherence length ofB 0 , relative to the horizon length at the time, according to (λB/λ H ) 0 = 10 α . Typically α ≫ 1, since (λB) 0 ≫ (λ H ) 0 by the end of inflation. Once α and (H/m P l ) 0 are fixed, the point of maximum amplification is decided by the function within the brackets. It is then straightforward to show that A(χ) takes its maximum value at χ = 1, or equivalently for (λB) 0 = (λ GW ) 0 . In other words, the maximum magnetic boost is achieved when the two interacting sources are in resonant coupling. For χ = 1 the amplification factor becomes A = A max ≃ 10 α (H/m P l ) 0 . When χ ≪ 1 or χ ≫ 1, on the other hand, expression (28) ensures that A ≪ A max . Thus, the maximum magnitude of the gravitationally induced magnetic field is
where α ≫ 1. All these mean that the interaction between inflation produced magnetic seeds and gravitational waves in the poorly conductive environment of early reheating, can lead to the resonant amplification of the former. Following (28), the maximum magnetic growth occurs at χ = 1 irrespective of the value of ϕ. The latter determines only the shape of the amplification curve. In other words, the gravito-magnetic resonance is independent of the interaction angle between the two sources. Expression (29) provides the spectrum of the gravitationally amplified magnetic field at the end of the resonant-growth phase. The latter occurs during the early stages of reheating when the electrical conductivity of the cosmic fluid is low. Once the conductivity has grown beyond a certain threshold, however, the plasma effects become important (see section 8) . When this happens the electric current term in Eq. (7) needs to be accounted for and our analysis no longer holds. For our purposes, the gravito-magnetic resonance and the geometric amplification of the induced B-field cease at that point.
Amplification of inflationary magnetic seeds
Our results so far have shown that the maximum growth of the gravitationally induced magnetic field depends on the scale and the magnitude of the initial seed, as measured at the end of inflation, and on the adopted inflation model. Given that inflation has stretched these fields well outside the horizon, their amplification can be very substantial. In what follows we will consider three alternative scenarios of magnetogenesis and calculate the strengths of the resonantly amplified seeds in each case. Our aim is to obtain a first estimate of the resonant magnetic growth in each case and to illustrate the potential of the Maxwell-Weyl coupling as a very efficient early-universe dynamo.
Large-scale magnetic fields of inflationary origin are generally extremely weak. Typically, the current energy density of a primordial field that survived a phase of de Sitter expansion (in spatially flat FRW universes) is ρ B = 10 −104 λ
−4
Mpc ρ γ , where ρ B = B 2 /8π, ρ γ is the radiation energy density and λ Mpc is the field's physical scale today [10] . For a magnetic field with a coherence length of ∼ 10 kpc, which is the minimum required for the galactic dynamo to work, the corresponding strength is roughly 10 −53 G. Such seeds are too weak to support the dynamo and are therefore treated as astrophysically irrelevant. However, the interaction of the aforementioned field with gravity waves during the early stages of reheating can lead to the resonant amplification of the former according to Eq. (29). Since physical lengths are inversely proportional to the radiation temperature, a scale of λB ∼ 10 kpc today translates into λB/λ H ∼ 10 21 at the end of inflation. The latter is obtained by assuming GUT-scale inflation with a typical value of H 0 ∼ 10 13 GeV, which corresponds to a temperature of approximately 10 15 GeV at the time. 6 These mean α ≃ 21 and (H/m P l ) 0 ∼ 10 −6 for the resonant amplification parameters of Eq. (28). As a result, the associated maximum-growth factor is of the order of 10 15 and the initial magnetic seed is amplified to ∼ 10 −38 G. Despite this, the residual field is still some four orders of magnitude below the minimum required strength of ∼ 10 −34 G (see [7] ). Put another way, for workable results we need a stronger initial seed. 6 At the end of inflation the scale factor corresponds to a temperature (T ) given by the formula H = (8π
, where g * = g * (T ) ≃ 10 2 is the number of the relativistic degrees of freedom (e.g. see [12] ).
When dealing with spatially flat FRW backgrounds, inflationary magnetic seeds stronger than 10 −53 G are usually obtained outside the framework of classical electromagnetic theory. Such an inflation-based scenario of large-scale magnetogenesis was recently suggested in [12] . The proposed mechanism operates within the standard model, despite breaking the conformal invariance of the Maxwell field, and produces magnetic seeds of ∼ 10 −34 G on scales of approximately 10 kpc. However, 10 −34 G is the minimum strength required for the galactic dynamo to work, and this only in universes dominated by a darkenergy component. Nevertheless, the interaction of the above field with gravitational wave perturbations soon after inflation should boost its amplitude in accordance with Eq. (29). Given the scale of the original seed and using the parameters of [12] (i.e. H 0 ∼ 10 13 GeV and T 0 ∼ 10 15 GeV), the resonant amplification factor is 10 15 (see also above). The latter brings the residual magnetic field up to ∼ 10 −19 G, which lies very comfortably within the galactic dynamo requirements for dark energy dominated cosmologies [7] . Moreover, comoving seeds of 10 −19 G can sustain the dynamo in conventional universes as well, especially when the enhancement of the field during the protogalactic collapse is accounted for. 7 In spatially open universes, standard inflation can produce magnetic seeds stronger than the typical 10 −53 G fields without the need to modify Maxwell's theory. In that case the general relativistic coupling between electromagnetism and the geometry of the 3-space changes the adiabatic depletion rate of the magnetic component naturally [13, 18] . To be precise, on lengths near the curvature scale, a field that goes through a period of de Sitter inflation in a perturbed FRW cosmology with negative spatial curvature decays as a −1 instead of a −2 . Then, assuming a marginally open universe (i.e. setting 1 − Ω ∼ 10 −2 today), GUT-scale inflation and a reheating temperature of ∼ 10 9 GeV, one obtains a residual field of approximately 10 −35 G on a current scale close to 10 4 Mpc (see [13] for details). For a field on this scale we have (λB/λ H ) 0 ∼ 10 27 , which implies a resonant amplification factor of the order of 10 21 and a residual strength of ∼ 10 −14 G today. The latter is easily within the galactic dynamo limits. 8 The above quoted strengths correspond to resonant amplification. In other words, we have implicitly assumed that a background magnetic field of a given length interacts with gravitational waves of comparable scale. When the two sources have very different coherence lengths, however, the associated amplification factors are considerably smaller and the resulting fields much weaker than those given above (see Eq. (28)). In general, of course, the background magnetic seed will interact with gravity-wave modes of various wavelengths (recall that 0 < χ < ∞ in (28)). On these grounds, we expect the magnitude of the gravitationally induced field to show a smooth scale-distribution with peak at the point of gravito-magnetic resonance (i.e. at χ = 1).
Conductivity effects
To this point the gravito-magnetic interaction has been free of current effects, which limits our results to cosmological environments of very low electrical conductivity. The early reheating phase of the universe offers such a poorly conductive stage. As reheating progresses, however, the copious production of particles continuously increases the conductivity of the universe and plasma effects become important.
Consider a medium of finite electrical conductivity σ c . Phenomenologically, the conductivity effects 7 In a spherically symmetric protogalactic collapse, a magnetic field that is frozen-in with the highly conductive plasma grows as B ∝ ρ 2/3 . This rate, which implies an amplification of the B-field by three or four orders of magnitude, can increase in the the more-realistic case of an anisotropically collapsing protogalaxy due to shearing effects alone [23] 8 Despite their very substantial growth the gravitationally amplified magnetic fields always remain very weak compared to the matter component (i.e. B
2 ≪ ρ at all times). This ensures that our initial weak-field approximation (see section 2) is never in any doubt and preserves the symmetries of the FRW background to very high accuracy.
are accounted for by means of the electric currents. Using the covariant form of Ohm's law, in particular, one expresses the 3-current as (e.g. see [24, 18] )
where E a is the electric field seen by the observer. The above means that curlJ a = σ c curlE a to linear order and introduces the conductivity into the right-hand side of Eq. (7). Moreover, in a medium of finite conductivity the magnetic induction equation readṡ
to first order (e.g. see [17, 18] ). Note that the time derivative of the above leads to the linearised wave equation (7) (see [18] for details). Employing the auxiliary relations (30) and (31) Eq. (7) reads
with the dimensionless ratio σ c /Θ measuring the electrical conductivity of the expanding background. Hence, the linear evolution of the gravitationally induced B-field depends on the value of σ c /Θ in a rather involved way. As long as σ c /Θ ≪ 1, however, the gravito-magnetic interaction proceeds as if the conductivity were zero. This qualitative result is in agreement with the analysis of [10] . As particle production progresses and the universe heats up, the conductivity of the cosmic medium increases and beyond the σ c /Θ ∼ 1 threshold one can no longer ignore the current term in the right-hand side of Eq. (7). Moreover, once the universe enters its standard Big-Bang evolution, its electrical resistivity is believed to remain very low [25] . In that case σ c /Θ ≫ 1 and the evolution of the gravitationally induced magnetic field is almost entirely determined by the electrical properties of the cosmic medium (see Eq. (32)). The precise role of finite conductivity during reheating lies beyond the scope of this article, since it is model dependent and also requires highly sophisticated quantum field theory techniques [26] . It should be noted, however, that numerical studies of the magnetic amplification through its parametric resonance with an oscillating complex scalar field during preheating, showed a decrease in the growth of the field with increasing electrical conductivity (see [15] ).
Discussion
Inflation can naturally achieve superhorizon correlations from small-scale microphysics. This property has been exploited by several authors in order to produce primordial magnetic fields with the desired large coherence lengths. The drawback of inflation is the dramatic dilution of the magnetic energy density during the accelerated expansion phase. For a field that survived inflation and spans a scale of ∼ 10 kpc today, the typical strength is roughly 10 −53 G. On that scale the minimum required strength for the galactic dynamo to work is 10 −34 G, assuming that the universe is dark-energy dominated. Otherwise the magnetic seed should be at least as strong as ∼ 10 −23 G. The most common solution to the strength problem is by slowing down the adiabatic, a −2 decay rate of the B-field. When dealing with spatially flat FRW backgrounds, this usually means breaking the conformal invariance of the Maxwell field and in the majority of cases it is achieved outside the standard model.
Inflation also produces a background of large-scale gravitational radiation. The interaction of these waves with inflationary produced magnetic seeds soon after the end of inflation was first considered in [1] . The initial results argued for a very significant growth, by many orders of magnitude, of the primordial field. Here, we have revisited this gravito-magnetic interaction in an attempt to understand and explain the physics of the amplification mechanism further. Our analysis has revealed that the very strong magnetic growth found in [1] , reflects the resonant coupling of the two interacting sources in cosmological environments of poor electrical conductivity. We have shown, in particular, that the maximum amplification the B-field occurs always when the coherence scale of the latter coincides with the wavelength of the inducing gravitational radiation.
The proposed Maxwell-Weyl interaction and the resulting amplification mechanism are rather simple in concept. At the end of inflation the universe is permeated by large-scale gravity waves and by a very weak, large-scale primordial magnetic field. The general relativistic interaction of these two sources during early reheating leads to a gravitationally induced magnetic component. When the associated scales are comparable this field is resonantly amplified. In general, of course, the original magnetic seed will interact with gravitational radiation of various wavelengths. This means that the strength of the induced field will have a smooth scale-dependent spectrum with peak at the point of resonance. The maximum strength of the geometrically amplified magnetic component is determined at the onset of the gravitomagnetic interaction. Once the parameters of the adopted inflationary model are fixed, the resonant growth factor is proportional to the scale of the initial field. This makes the proposed amplification mechanism particularly effective when operating on superhorizon-sized magnetic seeds. In particular, for a field with current physical scale close to 10 kpc, which is the minimum required for the dynamo to work, the resonant growth is of the order of 10 15 . Although very substantial, such a boost cannot bring the typical inflation-produced magnetic field of ∼ 10 −53 G (see [10] ) within the galactic dynamo requirements. Nevertheless, when applied to seeds of ∼ 10 −34 G and ∼ 10 −35 G, like those produced in [12] and [13] for example, the gravito-magnetic resonance leads to residual fields of ∼ 10 −19 G and ∼ 10 −14 G respectively. The latter can support the galactic dynamo even in conventional universes with zero dark-energy contribution.
The resonant amplification of the initial seed field by many orders of magnitude, makes the proposed gravito-magnetic coupling a very promising early-universe dynamo. Given that, it is worth looking into the specifics of the mechanism in more detail. A key issue is the role of electrical conductivity, beyond the σ c /Θ ∼ 1 threshold of section 8, and its effect on the efficiency of the amplification. In practice, this means adopting a model for the conductivity growth of the reheating era and examining its implications for the gravito-magnetic resonance. This should allow one to follow the progress of the amplification throughout reheating in detail and also to study the interaction during the subsequent BigBang evolution of the universe. The nature of adopted inflationary model and of the associated reheating process is an additional issue. Non-oscillatory scenarios, for example, may provide a longer period of low electrical conductivity and an enhanced gravity-wave spectrum. Although model dependent in principle, the proposed studies should shed more light onto the Maxwell-Weyl dynamo and refine the above given estimates of the gravitationally amplified magnetic field.
with exactly analogous expressions forΣ (k) andΣ (k) respectively. These relations recast Eqs. (40) 
respectively (compare to formulae (11), (12) of section 3.1).
